The common carp, Cyprinus carpio, is one of the most important cyprinid species and globally accounts for 10% of freshwater aquaculture production. Here we present a draft genome of domesticated C. carpio (strain Songpu), whose current assembly contains 52,610 protein-coding genes and approximately 92.3% coverage of its paleotetraploidized genome (2n = 100). The latest round of whole-genome duplication has been estimated to have occurred approximately 8.2 million years ago. Genome resequencing of 33 representative individuals from worldwide populations demonstrates a single origin for C. carpio in 2 subspecies (C. carpio Haematopterus and C. carpio carpio). Integrative genomic and transcriptomic analyses were used to identify loci potentially associated with traits including scaling patterns and skin color. In combination with the high-resolution genetic map, the draft genome paves the way for better molecular studies and improved genome-assisted breeding of C. carpio and other closely related species.
Carp (cyprinids) contribute over 20 million metric tons to fish production worldwide and account for approximately 40% of total global aquaculture production and 70% of total freshwater aquaculture production. They have emerged as the most economically important teleost family. In comparison to other major aquaculture species, such as salmon and shrimp, carp are recognized as an ecofriendly fish because most are omnivorous filter-feeders and thus consume much less fish meal and fish oil. As one of the dominant cyprinid species, C. carpio (the common carp) is cultured in over 100 countries worldwide and accounts for up to 10% (over 3 million metric tons) of global annual freshwater aquaculture production 1, 2 . In addition to its value as a food source, C. carpio is also an important ornamental fish species. One of its variants, koi, is the most popular outdoor ornamental fish because of its distinctive color and scale patterns.
Most teleosts have undergone a teleost-specific genome duplication (TSGD) and contain 24 to 25 chromosomes in their haploid genome. The haploid genome of C. carpio has 50 chromosomes 3 , and molecular evidence suggests that an additional whole-genome duplication (WGD) event tetraploidized the genome [4] [5] [6] [7] . Although cytogenetic evidence of the allotetraploidization of C. carpio has suggested that 50 bivalents rather than 25 quadrivalents are formed during meiosis 6 , genome-scale validation is of great importance. Owing to its economic value in aquaculture, C. carpio has been intensively studied in terms of its physiology, development, immunology, disease resistance, selective breeding and transgenic manipulation. In addition, it is also considered an alternative vertebrate fish model to zebrafish (Danio rerio). A variety of C. carpio genome resources have been developed over the past decade, including a large number of genetic markers 8, 9 , genetic maps [10] [11] [12] [13] , a BAC-based physical map 14, 15 , a large number of ESTs [16] [17] [18] and cDNA microarrays 19 . Recently, a comparative exomic study of C. carpio and D. rerio has been reported, providing additional genome resourcing data for the research community 20 .
Using a whole-genome shotgun strategy and combining data from several next-generation sequencing platforms, we have produced a Genome sequence and genetic diversity of the common carp, Cyprinus carpio high-quality genome assembly for C. carpio (strain Songpu) and completed the genomic resequencing of 33 C. carpio accessions that represent major domesticated strains and populations. In addition to comparative and evolutionary studies of C. carpio and its closely related species using the genome sequences, we also demonstrate the genetic basis of phenotypic traits on scale patterning and body color determination, on the basis of data from two distinct domesticated strains (Songpu and Hebao). This study on the C. carpio genome provides a valuable resource for the molecular-guided breeding and genetic improvement of the common carp.
RESULTS

Sequencing and assembly
We prepared genomic DNA from a homozygous double-haploid clonal line from the domesticated strain Songpu, which has a documented breeding history. We performed whole-genome shotgun sequencing on three next-generation sequencing platforms, Roche 454, Illumina and SOLiD, using both single-end and paired-end or mate-pair libraries of various insert size ranging from 250 bp to 8 kb (Supplementary Table 1 ). Our contig assembly was based on single-end pyrosequencing data (CABOG, Celera Assembler with Best Overlap Graph), and the scaffold assembly was based on paired-end and mate-pair sequences from different sequencing platforms and 29,046 paired BAC-end sequences 14, 15 . After gap filling, the contig and scaffold N50 lengths reached 68.4 kb and 1.0 Mb, respectively. The total length of all scaffolds was 1.69 Gb ( Table 1) . We estimated the genome size to be 1.83 Gb on the basis of K-mer analysis, which is consistent with estimates based on cytogenetic methods 3, 21 (Supplementary Fig. 1) . Thus, the scaffolds covered at least 92.3% of the genome (90.2% if we excluded sequence gaps of 40 Mb in length) and 90% of the assembly containing 2,503 large scaffolds, for a total length of 1.53 Gb.
To validate the genome assembly, we mapped all paired-end and mate-pair reads from different sequencing platforms to the assembly and found that an average of 80.3% of the reads (78.1% of Illumina reads, 74.6% of Life Technologies SOLiD reads, 98% of Roche 454 reads and 98.8% of BAC-end reads) could be mapped ( Supplementary  Fig. 2 and Supplementary Table 2) . To assess the accuracy of the assembly, we aligned our assembly to an assembled BAC and five large scaffolds from previously published genome sequences 20 ; the result demonstrates high consistency between the two data sets (Supplementary Fig. 3 ). To assess gene coverage, we mapped assembled transcriptome sequences, including publically available ESTs and new mRNA reads from multiple tissues, to the assembly. The effort yielded ~88.8% coverage of these transcripts by nucleotide sequence similarity (Supplementary Table 3) ; of all of the mapped genes, 90% were common among the sequenced teleosts (Supplementary Table 4) . Owing to the multiple rounds of GWD, C. carpio genes are rich in paralogs, which are thought to interfere with assembly. Therefore, we mapped 19 duplicated genes that were shared among teleosts to the genome and found that 16 of the gene pairs mapped to distinct locations whereas the other 3 collapsed into single genes, given the high similarity among the paralogs (Supplementary Table 5 ).
Genetic map and markers
Our attempt to anchor the genome assembly onto a newly updated high-resolution genetic map, constructed using a genetic mapping panel of 107 full siblings produced from the cross of a Songpu pair (Supplementary Note), succeeded in placing a total of 3,470 highquality SNPs and 773 microsatellite markers (Supplementary Table 6 ), which clustered into 50 linkage groups ( Supplementary Fig. 4 ) and covered a genetic distance of 3,946.7 cM. The physical coverage of these linkage groups contained 1,456 of the longest scaffolds (~875 Mb in total length and 16.7 Mb of gaps) ( Fig. 1 and Table 1) , and the ratio of the median genetic distance to the physical distance was 0.2 Mb/cM (Supplementary Figs. 5 and 6 ).
Genome characterization
The C. carpio genome has a GC content of 37.0%, slightly higher than that of D. rerio but much lower than that of other sequenced teleost genomes ( Supplementary Fig. 7 and Supplementary Note). To identify transposable elements (TEs) 22 , we constructed a C. carpio-specific repeat database. We found that 529 Mb of the assembled contigs (31.3% of the genome assembly) could be attributed to TEs ( Table 1 and Supplementary Tables 7 and 8 ). This proportion of the content is higher than that for most of the sequenced teleost genomes (7.1% in Takifugu rubripes 23 Table 9 ). Of the TEs, the fraction of class I TEs (retroelements) was 9.99% of the total genome assembly (4.90% long interspersed nuclear elements (LINEs), 4.35% long terminal repeats (LTRs) and 0.47% short interspersed nuclear elements (SINEs)), whereas that of the class II TEs (DNA transposons) was 17.53%. The most abundant DNA transposon family identified in the C. carpio genome was the hAT superfamily, which had approximately 463,000 copies and accounted for 33% of all identified DNA transposons (consistent with our previous findings from the analysis of BAC-end sequences 15 ). The distribution of the divergence rates for the TEs peaked at 6% in C. carpio and at 8% in D. rerio, suggesting a more recent expansion of these elements in the C. carpio genome (Supplementary Fig. 8 ).
We used a comprehensive strategy to annotate C. carpio genes by combining ab initio gene prediction (FGENESH and AUGUSTUS), protein-based homology (Supplementary Note) and transcript-based evidence (transcriptomes from multiple tissues and developmental stages) (Supplementary Table 10 ). All predicted gene structures were integrated with EVidenceModeler (EVM) 27 to yield a consensus gene set containing a total of 52,610 protein-coding genes, of which 91.4% were proven to be expressed ( Fig. 10 and Supplementary  Table 13 ). In addition, the non-protein-coding genes included 1,012 rRNA, 3,622 tRNA and 914 microRNA (miRNA) genes ( Table 1 and  Supplementary Table 14) .
Genome evolution
C. carpio has 100 chromosomes, approximately twice as many as are found in other cyprinid fish species. Many studies have corroborated the occurrence of either TSGD or the third round of WGD in most ray-finned fishes [28] [29] [30] [31] [32] and have predicted that TSGD has facilitated the evolutionary radiation and phenotypic diversification of the teleost fishes 29, 31 . The C. carpio genome is believed to have undergone an additional round of genome duplication (4R) and to have thus tetraploidized [4] [5] [6] 33 . We have identified approximately 50 chromosome bivalents rather than quadrivalents in the meiotic nuclei npg of C. carpio, suggesting that it is not a true tetraploid species according to karyotyping. The tetraploidy observed in C. carpio seems to result from allotetraploidization (species hybridization) rather than autotetraploidization (genome doubling) 6 . We aligned 52,610 highconfidence gene models to the 50 C. carpio chromosomes and the D. rerio genome (n = 25 chromosomes) and identified 8,002 orthologous gene pairs with a clear two-to-one orthologous relationship between the two species, respectively (Fig. 2a) (Fig. 2b) , consistent with previous observations for genome tetraploidization.
To further provide insight into the tetraploid nature of the genome at the gene level after the 4R WGD event, we investigated the hox gene clusters in C. carpio. This species has almost twice the number of hox clusters as D. rerio 35 and the same number of hox gene clusters as the Atlantic salmon (Salmo salar) 36 , which is an autotetraploid species 37 ( Supplementary Figs. 11 and 12 , and Supplementary Note).
To determine the date of the C. carpio WGD event (4R), we used a total of 5,783 gene families and calculated their synonymous substitution rates (Ks values) (Fig. 2c and Supplementary Note) . On the basis of a Ks rate of 3.51 × 10 −9 substitutions per synonymous site per year 5 and the obtained Ks value of 0.03, we estimated that the latest WGD (4R) happened 8.2 million years ago, a date more recent than the predictions suggested in previous reports 5, 7 . The carp-zebrafish paralogous genes displayed a distinct peak (Ks = 0.45) that corresponded to a divergence time of 128 million years ago. In combination with the duplication time and divergence time predictions, these data suggest that the latest WGD event (4R) occurred long after C. carpio and D. rerio split. Similarly, an analysis of fourfold synonymous third-codon transversion (4dTv) provided additional evidence for an extra round of WGD (Fig. 2d) . C. carpio and D. rerio had a peak in Comparison of the gene repertoire of the Ciona species with those of five teleost and six tetrapod genomes, ranging from the highly conserved chordate genes (the black fraction on the left) to species-specific genes (the rust red fraction on the right). "1:1:1" indicates universal single-copy genes, and "X:X:X" indicates any other orthologous group (missing in one species), where X means one or more orthologs per species. "Patchy" indicates the existence of other orthologs that are present in at least one teleost and one tetrapod genome. The species tree on the left was built on the basis of 941 single-copy orthologs, for which the Ciona species served as the outgroup.
npg
A r t i c l e s common (4dTv = 0.58), which corresponds to the TSGD event (3R). An extra 4dTv peak within the C. carpio paralogous genes (4dTv = 0.1) corresponds to the latest carp-specific WGD (4R).
The annotated gene models of the C. carpio genome are substantially better than those of other completely sequenced fish genomes. To understand the evolutionary relationship of the 52,610 gene models with those of other vertebrates, we performed systematic cross-species comparative analysis and classified the genes according to their similarities. We first used five teleosts (C.
carpio, D. rerio, T. rubripes, O. latipes and G. aculeatus), six tetrapods (Homo sapiens, Mus musculus, Sus scrofa, Gallus gallus, Anolis carolinensis and Xenopus tropicalis)
and Ciona intestinalis (outgroup) for the comparison (Fig. 2e) . We identified 941 single-copy orthologs that were conserved among all investigated species, which only accounted for 1.8% of the predicted gene models of C. carpio. Second, we constructed the species phylogeny using a maximum-likelihood approach with multiple alignments of single-copy orthologs. The remaining gene models (98.2%) were more complex and included many-to-many orthologs (28.0%), non-uniformly occurring, patchy orthologs (11.0%) and undetectable models (6.1%). Third, the predicted C. carpio gene models corresponded to orthologous genes in D. rerio (8,002 orthologous genes), including 2,037 (3.9%) cyprinid-specific gene models. Fourth, we also identified 3,212 species-specific gene models of C. carpio that did not have any homologs in the 10 other vertebrates and the Ciona species examined. This number is higher than the number of species-specific genes in the D. rerio genome, suggesting that a significant number of novel genes were generated in C. carpio after the divergence of C. carpio and D. rerio, likely owing to the latest WGD and independent gene evolution (Supplementary Table 15 and Supplementary Note).
Genetic diversity
C. carpio, as a genetically diverse and successful species, has adapted to various environments across a broad ecological spectrum in Eurasia and has been domesticated for more than 2,000 years. This species has been bred into numerous strains and local populations, producing distinct phenotypic changes in its growth rate, temperature and hypoxia tolerance, body color, scale pattern and body shape, which are partially attributable to genome diversity due to its two WGD (3R and 4R) events 31 . To investigate its genetic variation, we selected 33 representative C. carpio accessions for genome resequencing, which included 13 accessions of 4 wild populations from the Danube River, the Yellow River, the Heilongjiang (Amur) River and the Chattahoochee River and 20 accessions of 6 domesticated strains from Asia and Europe (including Songpu, Xingguo red, Oujiang color, Hebao, Szarvas 22 and koi) (Supplementary Table 16 ). With a total of 4,176 million paired-end reads (101-bp read length, 417.6 Gb in total length and 229-fold coverage of the genome; Supplementary  Table 17) , we identified 18,949,596 candidate SNPs and 1,694,102 small insertion-deletions (indels) (Supplementary Table 18) .
To investigate the divergence of the representative C. carpio accessions from diverse geographical habitats and domestic histories, we constructed phylogenetic trees on the basis of the sequence variations ( Fig. 3a and Supplementary Fig. 13 ). It was obvious that the European and Asian accessions formed two distinct clades. One of the strains, Songpu, was also grouped into the European clade as it was bred from mirror carp originally introduced from Europe in the 1950s. Our principal-component analysis (PCA) yielded a similar result (Fig. 3b) , showing Asian accessions as a tight cluster that was separate from the European accessions. We further analyzed the population structure using the Bayesian clustering program STRUCTURE 38 . Because the values of ln likelihood were distinctively high for the models K = 3 and 4 ( Supplementary Fig. 14) , we show the clusters of K = 3 and 4 in Figure 3c . Almost all the accessions either had common ancestry or showed a single origin of the Eurasian population, and the results agree with the hypothesis that modern C. carpio evolved from the Caspian Sea ancestor and spread into Europe and the eastern mainland of Asia 39 . There were no uniform patterns covering all the populations, with the exception of two extremely isolated wild populations, Heilongjiang and Oujiang; in other words, extensive genetic admixture has been occurring in both the wild and domesticated C. carpio populations. For instance, Songpu carried admixture from the Asian population (K = 3), a finding supported by the recent history of introgression after its introduction to China. We also observed that the US accessions separated into both the European and Asian clades, and the trend indicates multiple introductions to North America from both Europe and Asia. This observation is also supported by our PCA and population structure analyses. We performed a further genetic diversity scan comparing the Hebao and Songpu genomes to identify highly different genomic regions. Hebao is one of the typical strains derived from East Asian subspecies (C. carpio haematopterus), whereas Songpu is the strain derived from mirror carp of European subspecies (C. carpio carpio) (Fig. 4a) . We predict that these two varieties retain substantial genetic differences, given their distinct body shapes, scale morphogenesis and patterns, and skin color phenotypes. We identified a total of 205 genome regions with the highest (top 1% of π Hebao /π Songpu ) genetic diversity (12.67 Mb in length) containing 326 candidate genes (Supplementary Tables 19 and 20) . Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis indicated that a significant portion of these candidate genes were associated with epithelial morphogenesis, hair follicle morphogenesis, pigmentation and immune response, including adherens junction signaling, signaling by Rho family GTPases, tight junction signaling, prolactin signaling, fibroblast growth factor (FGF) signaling, interleukin (IL)-6 signaling and other functional pathways (Fig. 4b and Supplementary Table 21) . The results are consistent with the phenotype differences in scale pattern and skin color observed for Hebao and Songpu. We investigated the candidate genes and detected 82 genes and 106 genes that harbored nonsynonymous SNPs in the Songpu and Hebao genomes, respectively (Supplementary Tables 22 and 23) . We also identified two Songpu genes (fgfr1a1 and lrrc72) and two Hebao genes (zpld1 and nlk) that harbored deletions in coding regions ( Supplementary   Figs. 15 and 16 ). All these instances of sequence diversity altering protein-coding sequences provide candidate loci for assessing phenotypic differences between Hebao and Songpu. Notably, the fgfr1a1 gene (encoding FGF receptor 1 a1) on chromosome 34 of the Songpu genome contained a 306-bp specific deletion in intron 10 (228-bp deletion) and exon 11 (78-bp deletion) (Fig. 4c) . The deletion had previously been reported as the causative mutation for scale loss and reduction in the mirror carp 40 . Extensive investigation on large samples from four strains confirmed that the deletion was only found in Songpu (Supplementary Fig. 16 ).
Comparative analysis of the skin transcriptome
To further elucidate the differences in the scale pattern and skin color of Hebao and Songpu, we performed a comparative analysis of the skin transcriptome in both strains using a deep RNA sequencing (RNA-seq) approach. We identified 894 differentially expressed transcripts, including 567 upregulated genes in Hebao and 327 upregulated genes in Songpu. The experiment was validated with quantitative RT-PCR (qRT-PCR) on selected genes (Supplementary Fig. 17 ). Further analysis showed distinct expression patterns in Hebao and Songpu for many genes associated with the Wnt/β-catenin signaling pathway (Supplementary Table 24) , which is an essential pathway in initiating hair follicle formation 41 . Both mammalian hair and teleost scales are skin appendages, and their formation involves similar developmental pathways. We inferred that the gene expression differences in these two different carp populations were correlated with the reduced-scale phenotype in Songpu and the full-scale phenotype in Hebao.
We also observed a difference in the expression of the slc7a11 gene (encoding solute carrier family 7 member 11), the plasma membrane cystine/glutamate exchanger (xCT) that transports cystine into melanocytes. In the melanogenesis pathway, tyrosine is oxidized to form dopaquinone, which is then intracellularly catalyzed to become eumelanin (brown to black pigment) through polymerization and oxidation reactions. However, cystine and dopaquinone can switch off the eumelanin synthesis pathway and promote the synthesis of pheomelanin (yellow to red pigment) 42, 43 . slc7a11 was expressed at a higher level in Hebao than in Songpu, suggesting that more cystine is transported into the pigment cells in Hebao, resulting in the preponderant synthesis of pheomelanin in the skin of Hebao while Transcriptome analysis showed that the slc7a11 gene is significantly more upregulated in the skin of Hebao than that of Songpu. slc7a11 encodes the transmembrane cystine/glutamate exchanger (xCT), which transports cystine into melanocytes to synthesize pheomelanin (yellow to red pigment). A r t i c l e s eumelanin synthesis is suppressed. Higher pheomelanin accumulation in the pigment cells gives Hebao its red skin appearance (Fig. 4d) . However, the genetic basis for differences in slc7a11 expression remains unclear, and further investigation will be necessary to understand the overall role of slc7a11 in color variation.
DISCUSSION
As one of the most representative carp species, C. carpio had a value and global production in 2011 of $5.31 billion and 3.73 million tons, respectively (FAO statistics; see URLs), and the importance of C. carpio has been increasing over the past decade. The species is also widely cultured as an ornamental fish because of its various color and scale patterns. We sequenced and assembled the C. carpio genome from the genome of a gynogenetic individual using multiple next-generation sequencing platforms and a hybrid assembly strategy. The draft genome provides an important genomic resource to study the genetic basis of economically important traits in carp and to facilitate genomebased genetic breeding technologies in common carp aquaculture. The draft genome also provides insight into the latest WGD event of allotetraploidization that occurred approximately 8.2 million years ago, doubling the chromosome number and gene content of C. carpio. The whole-genome resequencing of selected accessions also offers a glimpse into the phylogenetic relationship and population structure of major global accessions of the C. carpio population. Comparison of the genomic diversity of two distinct strains, Songpu and Hebao, coupled with additional transcriptomic studies, has allowed us to identify genetic loci and to determine the molecular basis of scale patterns and skin colors, providing a foundation for further studies using comprehensive approaches to completely define the mechanisms underlying these phenotypes. Thus, the draft genome assembly presented here provides a valuable resource for genetic, genomic and biological studies of C. carpio and for improving the aquaculturally important traits of farmed C. carpio and other key cyprinid species in aquaculture. 
